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MOLECULAR PIISSION SPECTRA FROM SBOCK-DECOMPOSED BENZENE 

ABSTRACT 
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Benzene decomposes when shocked t o  pressures  g r e a t e r  than 13 GPai 
Bwever ,  fev products of the  decomposition r eac t ions  have been i d e n t i f i e d  
i n  s i t u  o r  by r ecove ry  methods. T h i s  paper  r e p o r t s  t h e  d e t e c t i o n  by 
the - re so lved  (50-to-120 nsec) chemiluminescence spectroscopy of exc i ted  
molecular products of t he  decomposition of benzene a t  pressures  from 24 t o  
63 GPa. Strong s p e c t r a l  bands c h a r a c t e r i s t i c  of C2 are r e a d i l y  i d e n t i f i e d  
among o t h e r  f e a t u r e s  and a gray-body background. The dependence of t he  
s p e c t r a  on shock  p a r a m e t e r s  a r e  b r e i f l y  d i s c u s s e d  i n  terms of  known 
decmpos i t ion  mechanims of highly exc i ted  benzene. 

INTRODUCTION 

The ex ten t  t o  vhich chemistry occurs  i n  t h e  rhocked s t a t e  and, i f  so, 
may d i f f e r  q u a l i t a t i v e l y  from chemistry a t  the ramc s t a t i c  temperatures 
and pressures  has  been ac t ive ly  considered i n  t h e  shock wave community.[l] 
Benzene i s  t y p i c a l  of many organic  molecules t h a t  r e a c t  a t  shock and 
s t a t i c  pressures  of t h e  order  of 10 GPa and moderate t o  high temperatures. 
From analyses  of recovered products, same i n v e s t i g a t o r s  [21 have concluded 
t h a t  t he  shock-induced chemistry d i f f e r s  q u a l i t a t i v e l y  from t h e  chemistry 
produced by the  combination of high s t a t i c  pressures  and temperatures.  
However, t h e  s p e c i f i c  chemical r eac t ions  t h a t  benzene undergoes a t  high 
shock pressures  a r e  not known. 

The work descr ibed i n  the paper r ep resen t s  t h e  f i r s t  de tec t ion  of 
m o l e c u l e s  formed immediately behind  t h e  shock  f r o n t  d u r i n g  shock 
compression of benzene at pressures  from 24 t o  63 GPa. C p ,  among o ther  
spec ies ,  have been de tec ted  by tbeir c h e m i ~ ~ i a e s c e n c e ,  co l l ec t ed  v i t h  
50-to-120-nsec r e s o l u t i o n  during passage of t h e  shock f r o n t  through the  
f o c u s  of an e m i s s i o n  a p e c t r o g r a p h i c  eys tem w i t h  g a t e d  d iode -a r r ay  
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detectors .  I n  t h e  fo l lov ing  sec t ions ,  t h e  spec t roscopic  techniques used 
t o  de tec t  these  molecules are ou t l ined ,  and t y p i c a l  s p e c t r a  a r e  described. 
The relevance of these  observat ions t o  t h e  knovn high temperature-law 
pressure [3-5 and re ferences  c i t e d  the re in ]  and high s t a t i c  pressure  
chemistry of benzene 16-81 i s  discussed,  and some d i r e c t i o n s  f o r  f u r t h e r  
vork are suggested. b 

EXPERIMENTAL 

The experimental  techniques are b r i e f l y  o u t l i n e d i n  t h i s  sec t ion .  
S p e c i a l  f e a t u r e s  of t h e  o p t i c a l  sys tem are  emphasized s i n c e  s p a c e  
l imi t a t ions  preclude a complete d e s c r i p t i o n  of t he  apparatus .  A more 
complete desc r ip t ion  of the  sample holder ,  sample, and o p t i c s  w i l l  be be 
published elsewhere. 191 The shock techniques vere s i m i l a r  t o  those used 
f o r  op t i ca l  pyrometry [ lo1  and o the r  o p t i c a l  s t u d i e s  of l i qu ids .  1111 
Deoxygenated benzene samples (Mallinkrodt 1121 a n a l y t i c a l  reagent grade) 
nominal ly  a t  295 K vere c o n f i n e d  i n  32-mm d i a m e t e r  by 5-mm t h i c k  
cy l ind r i ca l  c a v i t i e s  i n  A1 t a r g e t s ,  between A 1  base p l a t e s  and qua r t z  
windows. Three se l f - shor t ing  p ins  a l s o  vere mounted i n  the  benzene cav i ty  
and extended wi th in  4.5 mm of the  base p la te .  These p ins  de tec ted  t h e  
a r r i v a l  of t he  shock and t r iggered  ( a f t e r  appropr i a t e  e l e c t r o n i c  de lays)  
t h e  gated de tec tors .  

P l a n a r  shock v a v e s  were g e n e r a t e d  by impac t ing  t h e  t a r g e t  v i t h  
p r o j e c t i l e s  a c c e l e r a t e d  t o  v e l o c i t i e s  i n  t h e  r a n g e  4-7 km/s. The 
v e l o c i t i e s  of t he  p r o j e c t i l e s  were measured by f l a s h  x-ray photography. 
Thermodynamic s t a t e s  i n  t h e  samples  vere  c a l c u l a t e d  by t h e  shock  
impedence matching method from measured v e l o c i t i e s  ( i n  t h e  range 4-to-7 
kmlsec) of t h e  metal  impactors and publ ished equat ions of s t a t e  f o r  t h e  
impactors, base p l a t e s ,  and benzene. [4 ,  21, 221 

The spectrometers  had fou r  major components: a qua r t z  c o l l e c t i o n  
co l l imator ;  a mirror  t h a t  d ive r t ed  t h e  o p t i c a l  pa th  by 90° from the  gun 
a x i s ;  a broadband beamspl i t te r ;  and 1 o r  2 monochromators v i t h  gated 
i n t e n s i f i e d  diode-array de tec tors .  The co l l ima to r s  v e r e  focused i n s i d e  
the  benzene, 0.5-mn along the  cavi ty  a x i s  from the  su r face  of t he  
quar tz  vindov. For most of t he  experiments t o  da te ,  2 5 - u ~ ~  diameter f / 4  
f u s e d  q u a r t z  c o l l i m a t o r s  Were mounted i n s i d e  t h e  e v a c u a t e d  t a r g e t  
chamber of t h e  gas gun; but ,  f o r  3 experiments, t h e  co l l imator  vas  a 
10-an diameter f/10 qua r t z  acromat, mounted ou t s ide  t h e  vacuum chamber. 
With the lat ter arrangement, t h e  s p e c t r a l  response of t h e  spectrameter 
could conveniently be c a l i b r a t e d  v i t h  a s tandard 2800 K lamp. 

A t  var ious  t imes,  two Spex 0.25-meter g r a t i n g  monochromators v e r e  
used t o  analyze the  spec t r a .  One monochromator had a 300 groove/m g ra t ing  
v i t h  a 1 micron b laze  and a Princeton Instruments  IRY/700 a r r ay  de tec to r ;  
t h e  second monochromator v a s  equipped  v i t h  a s imi l a r  300 groove/mm 
gra t ing  (or. for some experiments, a 600 groove/mm g r a t i n g  blazed f o r  500 
nm) and a Tracor Northern a r r ay  de tec to r .  Each d e t e c t o r  could cover a 
120-to-250 xm range of wavelengths. The ga te  dura t ions  and de lays  of t h e  
de tec tors  vere  set so t h a t :  (a) the  de t ec to r s  co l l ec t ed  r a d i a t i o n  emitted 
f o r  a 50 or  120-nsec per iod during which the  shock f r o n t  passed through 
t h e  focus of the  o p t i c a l  system and (b )  the ga t e s  vere o f f  before t h e  
shock f r o n t  a r r i v e d  a t  t h e  qua r t z  vindov. 

For the  i n i t i a l  experiments,  the  s l i t  v i d t h s  and d e t e c t o r  gains  were 
s e t  somewhat a r b i t r a r i l y .  Some spec t r a  ve re  much more or ,  r a r e l y ,  less 
intense than the  e l e c t r o n i c s  could process  accu ra t e ly ;  and some in tense  
f ea tu res  were cut  of f  o r  de tec ted  v i t h  low reso lu t ion .  Since the  spec t ra  
ve re  observed through unshocked benzene, vavelengths  l e e s  than 270 



c o u l d  n o t  be d e t e c t e d .  No a t t e m p t  was made t o  s e p a r a t e  o v e r l a p p i n g  
second-order f e a t u r e s  a t  f i r s t -order  wavelengths longer than 550 nm. 

RESULTS AND INTERPRETATION 

Fig. 1 shows 9 spec t r a  from 7 shock experiments a t  p ressures  from 24 
t o  63 GPa. These p l o t s  have not been cor rec ted  f o r  the  s p e c t r a l  responses 
of t h e  o p t i c a l  systems; but  comparison of t h i s  p lo t  with t h e  cor rec ted  
p l o t  of spectrum f i n  Fig. 2 implies t h a t  these co r rec t ions  a r e  r e l a t i v e l y  
minor. In add i t ion  t o  broad gray-body backgrounds t h a t  become more in tense  
wi th  increas ing  pressure,  several  molecular f e a t u r e s  a r e  apparent i n  these  
spec t ra .  The violet-shaded bands vhose red edges a r e  near 470, 515, 550, 
and, i n  many spec t r a ,  610 nm a re  t h e  v'*=v'+l, v"=v', v"=v'-l, and v"=v'-2 
bands t h e  Swan A 3i'Ig -> X system of C2. 1131 Each band broadens 
toward  h i g b e r  wave leng ths  w i t h  i n c r e a s i n g  p r e s s u r e  a s  a r e s u l t  of 
emission from higher  v" l eve l s  t h a t ,  a s  one might expect,  a r e  more highly 
populated as the  pressure,  energy, and temperature behind the  shock f r o n t  
increase.  

The i n t e n s i t i e s  of the bands are determined by competit ion among 
r a t e s  a t  which C2 forms, r ad ia t e s ,  decomposes, and i s  quenched and r a t e s  
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Tribochemiltnninescence of benzene shocked to :  a, 63; b-be, 58; c-c', 
5 9 ;  d,  50; e, 38; f D  2 9 ;  and gr 24 GPa. Except f o r  f ,  f / 4  lenses ,  
t h e  Pr ince ton  Instruments de t ec to r ,  and 5-m instrumental  r e so lu t ion  
were used t o  c o l l e c t  the spec t ra .  For c l a r i t y ,  t h e  dark l e v e l s  of 
these  spec t r a  ( indicated by da ta  from a f ev  un in tens i f i ed  d iodes) ;  
and the  i n t e n s i t i e s  have been mul t ip l i ed  by: a, 5; b, 1; C,  1; d,  5; 
e, 25; and 0 ,  34. Spectra bo ,  c* ,  and f were obtained with t h e  
Tracor Northern de tec tor  a t  about 1-mn reso lu t ion .  The d ip  above 
t h e  arrow i n  spectrum f is  an a r t e f a c t .  
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Figure 2. Spectrum f of Fig. 1, cor rec ted  f o r  t h e  s p e c t r a l  response of t h e  
op t i ca l  system, i s  compared with a smooth 2250 K black-body spectrum. 

of other  processes  behind t h e  shock f ron t .  Thus, i n t e n s i t i e s  a r e  not 
q u a n t i t a t i v e l y  equivalent  t o  populations.  However, t he  f a c t  t h a t ,  r e l a t i v e  
t o  the gray-body spec t r a  co l l ec t ed  wi th  t h e  same op t i c s ,  t h e  Swan bands 
are most i n t ense  a t  38 GPa suggest t h a t  t h e  y i e l d  of C2 i s  highest  near  
t h i s  pressure.  The molecular bands a l s o  appeared t o  be weaker ( r e l a t i v e  
t o  the grsy-body continuum) i n  the  3 spec t r a  obtained wi th  f /10  o p t i c s ,  
including spectrum f. The f /10  o p t i c s  have a g r e a t e r  depth of f i e l d ,  and 
t h e  lower i n t e n s i t i e s  of t h e  molecular spec t r a  may mean t h a t  t he  emi t t ing  
molecules a r e  i n  a r e l a t i v e l y  t h i n  zone between t h e  shock f r o n t  and a zone 
of highly emissive ma te r i a l  t h a t  produces the  grey-body spectrum. 

Another common f e a t u r e  of many spec t r a  i s  t h e  band near 395 nm of e 
i n  Fig. 1 b  I n  b' and c', t h i s  band s a t u r a t e s  t he  de t ec to r ,  whi le  i t  
a p p e a r s  as two l i n e s  a t  394.4 and 396.2 nm i n  f .  Al though p o s s i b l e  
changes of t h e  wavelengths and shapes of spec t r a  wi th  pressure  make i t  
d i f f i c u l t  t o  a s s ign  t h i s  band unambiguously. One poss ib le  assignment i s  as 
t h e  390-nm B -> X sys tem of CB. 1131 I f  CH were p r e s e n t ,  t h e  broad  
band near 430 ~mr in f ,  p a r t  of which a l s o  may be seen i n  spectrum c*, may 
be par t  of t h e  A 2A -> X 2n system. 1131. The 430-mn system, however, 
usual ly  i s  t h e  s t ronger  of t h e  two CH bands i n  flame spec t ra ,  al though 
i n  spec ia l  s i t u a t i o n s  t h e i r  r e l a t i v e  i n t e n s i t i e s  may be reversed.  [141 
S i n c e  t h e s e  CB bands t e r m i n a t e  i n  m o l e c u l a r  ground s t a t e s ,  t h i s  
assignment might be t e s t e d  i n  f u t u r e  experiments by at tempting t o  de t ec t  
laser-induced f luorescence from t h e  shock f ron t .  

The p e r s i s t e n t  f e a t u r e  a t  588 nm may be t h e  yellow Na l i n e ,  but a 
294-m band i n  second-order  among o t h e r  p o s s i b i l i t i e s  have  not  been 
excluded. Other f e a t u r e s  of these  s p e c t r a  have not been i d e n t i f i e d  wi th  
known m o l e c u l a r  e m i s s i o n  bands.  P romis ing  c o i n c i d e n c e s  w i t h  some uv 
f ea tu res  can be i n f e r r e d  from absorp t ion  spec t r a  repor ted  f o r  spec ies  
such  a s  C2R 1151 and  C4H [ I 6 1  and  migh t  be t e s t e d  by l a s e r - i n d u c e d  
fluorescence.  
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The smooth curve i n  Fig. 2 r ep resen t s  t h e  f i t  of a 2.25 x lo2-K 
black-body spectrum t o  the  corrected 29-GPa spectrum. S imi la r ly  good f i t s  
t o  gray-body s p e c t r a  ob ta ined  a t  29  and 42 GPa were o b t a i n e d  w i t h  
black-body s p e c t r a  f o r  2.6 and 3.4 x l o 2  K, r e s p e c t i v e l y .  These 
temperatures a r e  i n  good agreement wi th  the  " reac t ive  high;Cp" f i t  t o  
5-channel pyrometry of shocked benzene reported by Nellis e t  al. (101 
Thus, i t  i s  l i k e l y  t h a t  t he  observat ions descr ibed i n  t h i s  paper were 
obtained a t  temperatures and pressures  between about 2000 K near  20 GPa 
and 4800 near 60 GPa. Extrapolat ion of t h i s  " reac t ive  high CP" f i t  t o  13 
GPa i n d i c a t e s  t h a t  t h e  t empera tu re  behind  t h e  shock  f r o n t  a t  t h i s  
"transformation" p re s su re  i s  1350 2 150 K. 

The r a p i d  f o r m a t i o n  of C2 and o t h e r  p r o d u c t s  of r i ng -open ing  
chemistry behind t h e  shock f ront  and t h e  13 GPa t r a n s i t i o n  pressure  then 
can be understood i n  terms of what i s  known about benzene py ro lys i s  a t  
lower pressures.  This chemistry has been discussed i n  recent  pub l i ca t ions  
by Kiefer  et a l .  [31 and by Smith and Johnson [41 among others .  When 
benzene i s  pgrolyzed i n  shock tubes and flow reac to r s  a t  p ressures  of t h e  
order  of 10 Pa and temperatures below about 1300 K, polyphenyls are the  
major products. These products are formed by s c i s s i o n  of C-E bonds on t h e  
benzenes t o  form phenyl rad ica ls :  

and subsequent f r e e  r a d i c a l  propagation and recombination reac t ions .  This 
accounts  f o r  t h e  o f t e n  c i t e d  "expectation" t h a t  the  products of benzene 
shock chemistry should be aromatic. Bowwer, when benzene i s  pyrolyzed 
occurs  above 1300 K a t  lw pressures ,  r eac t ions  t h a t  open t h e  phenyl 
r ings ,  f o r  example: 

predominate Over t h e  f r e e  r ad ica l  C282 i s  t h e  major product;  
but l a r g e  amounts of 82 ,  C4H2, higher  polyacetylenes,  and carbons a r e  a l s o  
a r e  produced  by a complex ser ies  of r e a c t i o n s  w i t h i n  micro-  t o  
mill i-seconds.  12, 3, 51 

reac t ions .  

-. 
The rates of many of t h e  r eac t ions  involved i n  benzene py ro lys i s  are 

repor ted  t o  vary r t rongly  v i t h  both pressure  and temperature,  v i t h  umny 
of t h e  r eac t ions  going more rap id ly  a t  higher  pressures .  Thus, i t  is  not 
s u r p r i s i n g  t h a t  r eac t ions ,  which occur  i n  the  mi l l i seconds  o r  microseconds 
near  atmospheric prcosure,  proceed i n  nanoseconds a t  p ressures  5 orders  of 
magnitude higher nor  t h a t  the "transformation" of product y i e l d s  from 
aromatics  t o  acyc l ic8  on t h e  sho r t e r  t h e  s c a l e  C h a r a c t e r i s t i c  of high 
pressure  shocks occurs  near the same temperature of t h e  l o r p r e s s u r e  
t r ansf orma t ion. 

Emiss ion  s p e c t r a  c h a r a c t e r i s t i c  of  e x c i t e d  C2 and o t h e r  s m a l l  
molecules generated by shock-induced pyro lys i s  of benzene a t  p ressures  
from 24 t o  63 GPa have been detected from a t h i n  zone behind t h e  shock. 
The spec ies  a r e  s imi l a r  t o  molecules found on t he  m i l l i -  t o  micro-second 
time sca l e s  in pyrolys is  a t  comparable temperatures a t  lov pressures .  It, 
thus,  appears t h a t  chemistry i s  t h e  two pressure  regiemes is  s i m i l a r ;  
but ,  not su rp r i s ing ly ,  r a t e s  d i f f e r .  These rap id  de t ec t ion  techniques,  
and extensions involving var ious laser-induced spec t roscopies ,  may he lp  t o  
e luc ida te  mechanisms of o ther  f a s t  r eac t ions  a t  high shock pressures .  
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